In this study, the first signs of fatigue crack initiation are studied in the HCF domain on a body centered cubic Armco iron (with 80 ppm of carbon content). Some tests are performed on plate specimens through a piezoelectric fatigue machine. During fatigue tests, the deformation evolution is observed by optical microscope, and the temperature recording on the specimen surface is achieved by an infrared focal plane array camera. From the temperature recording, the intrinsic dissipation field is calculated using a local expression of the heat diffusion equation. The results show that above a given stress level, Slips Marks can be clearly observed on the surface specimen, and related to the intrinsic dissipation distribution. Observations through a Scanning Electron Microscope on the specimen surface and the fracture surface are related to stage I and stage II of fatigue damage.
Introduction
The fatigue crack mechanism consists in an initiation crack stage (stage I) and a propagation stage (stage II). For materials without inclusions with a single phase, the first damage events in the stage I are due to the occurrence of Slips Marks (SMs) on the specimen surface [1, 2] . In fcc materials these SMs are called Persistent Slips Bands (PSBs), with a particular dislocation structure beneath the PSB [3] . In bcc materials (Armco iron), the identification of these SMs with PSBs is matter for debate [3] [4] [5] [6] [7] [8] . The reason lies in the very different temperature and strain rate dependent dislocation glide behavior in bcc metals, as compared to fcc metals. Moderate increase of temperature, low cyclic strain rates and alloying by substitutional atoms (e.g. in Fe-Si) and interstitial atoms (e.g. C and N in a-iron) make the dislocation glide modes of bcc metals more similar to those of fcc metals and, then, PSBs may be observed.
The beginning of the crack propagation stage with striations occurrence (stage II) has been previously studied by the temperature recording on the specimen surface during the test [9, 10] , which allows the determination of the number of loading cycles at crack initiation.
In this paper, from the temperature recording on the specimen surface of an Armco iron during fatigue tests, the intrinsic dissipation distribution on the specimen surface is calculated using a local expression of the heat diffusion equation. Besides, fractographic observations are performed on the specimen surface and fracture surface, and correlated to the intrinsic dissipation field.
Material
The studied material is a polycrystalline a iron whose chemical composition is given in Table 1 . The carbon content is 80 ppm. The microstructure is ferrite with equiaxe grains. The inclusion size is less than 1.5 lm. The ferrite grain size ranges from 10 to 40 lm.
No specifically orientation is observed by EBSD. Yield Stress is 240 MPa and Ultimate Tensile Stress is 300 MPa.
Experimental procedure

Mechanical and thermal procedure
Tests are performed on a piezoelectric fatigue machine designed by Bathias and Paris, [11] . An infrared camera was used to record the temperature evolution during the test.
For the surface observation condition by IR camera, a 1 mm thickness flat specimen (Fig. 1 ) is used to carry out fatigue tests. Specimen, special attachment and piezoelectric fatigue machine constitute the resonance system working at 20 kHz. The cyclic loading is tension-compression, and the stress ratio is R r ¼ À1.
Before testing, both surface sides of the flat specimen are polished until the roughness less than R0.2. One side surface of the flat specimen is etched and another side painted in black color to have the surface emissivity close to 1.
From the temperature measurements, the intrinsic dissipation is determined using a 2D thermal model (see Section 4).
Tests
Fatigue tests are periodically interrupted, and the stress level is increased until the specimen fracture is obtained. For the sample reported here, the test is conducted as is described in Table 2 .
During the last run (test 5) with a stress of 120 MPa, the specimen broke.
Determination of intrinsic dissipation
Concepts and results of the thermodynamics of irreversible processes must be used to define the different heat sources induced by fatigue processes. Thermodynamics with internal state variables has been used (and more precisely the Generalized Standard Materials formalism [12] ). Combining the local expressions of the first and second principles of thermodynamics leads to the heat diffusion equation:
where q denotes the mass density, C the specific heat, k the heat conduction tensor, r the Cauchy stress tensor, e the strain tensor with _ e the strain rate tensor, a a vector of internal state variables.
The left-hand side consists of a differential operator applied to the temperature, whereas the right-hand side gathers the various types of heat sources: the intrinsic dissipation d 1 ¼ r : _ e À qw ;e : _ e À qw ;a Á _ a, the thermo-mechanical coupling sources S the ¼ qTw ;eT : _ e þ qTw ;aT : _ a, and a possible external heat supply r e (e.g. radiation exchanges). The intrinsic dissipation characterizes the material degradation accompanying the irreversible transformation of the microstructure, whereas the thermomechanical heat sources translate the thermo-sensitivity of the matter, indicating that the mechanical and thermal states are closely coupled. In the case of metallic materials, when no first order solid-solid phase change occurs [13] , the thermomechanical coupling mechanisms are limited to thermoelastic effects. In the following, the thermoelastic source is called s the . Note that the heat diffusion equation is a partial differential equation applied to temperature. Estimating the left hand member using the thermal data then leads to an overall estimate of the different heat sources grouped in the right hand side. Note also that each differential operator is weighted by material parameters such as q, C and k. So, whatever the method used to determine the heat source field, the reliability of results depends not only on the accuracy of the temperature measurements [14] but also on the knowledge of the material parameters [15] . Up to now, the following strong hypotheses have been put forward during the infrared image processing to compute the heat sources [16] :
(a) Mass density and specific heat are material constants, independent of the thermodynamic state. (b) The heat conduction tensor remains constant and isotropic during the test
The external heat supply r e due to heat exchange by radiation is time-independent, so the equilibrium temperature field T 0 verifies -DT 0 = r e . It is then convenient to consider the temperature variation h defined by h = T À T 0 .
Taking into account these hypotheses, the heat equation can be rewritten in the following compact form:
By integrating Eq. (2) over the thickness and after showing that the measured surface thermal map is very close to the depth-wise averaged temperature field h(x, y, t) [17] , the following equation can be obtained:
where hðt; x; tÞ, d 1 ðt; x; yÞ and S the ðt; x; tÞ are the mean depth-wise temperature, dissipation and thermoelastic source, respectively.
The parameter s 2D th acts as a time constant characterizing the perpendicular heat exchanges (by convection and radiation) between front and back specimen faces and the surroundings. The heat exchanges are supposed linear with respect to the temperature variation. This 2D-approach has already been widely detailed and successfully used to track localization zones during monotonic tensile tests [18] .
Taking into account the loading frequency (20 kHz) and the maximum frame rate of the IR camera (100 Hz), the periodic thermoelastic sources are in this situation out of reach. Moreover, if the variations of the thermoelastic physical parameters induced by fatigue mechanisms over a loading cycle can be neglected, the mean 
where P 1 (x, y) and P 2 (x, y) are second-order polynomials in x and y. These polynomials are finally identified using the least-squares method and then used to compute the intrinsic dissipation. The reader interested in the image processing method is referred to [18] .
To show the relevance of the 1D or 2D thermal modeling, thermal returns are studied. In such a situation, no heat sources occur and a pure diffusion problem can be analyzed. For 1D analysis [19] , the partial differential problem is sum up in Eq. (5) where
; tÞ is the measured Dirichlet boundary conditions, L being the length of the sample gage part (see Fig. 1 ):
With the following limit conditions: Fig. 2 shows different temperature profiles. The dissymmetry of boundary conditions comes from the fact that, at one extremity, the sample is fixed at the horn (x = ÀL/2) which is cooled by a cold air jet, while the sample is totally free on the other side (x = L/2). The comparison between assessments and results derived from Eq. (6) are once more satisfactory. Fig. 3 shows the temperature recordings (for the different applied stresses) against the number of loading cycles. As is reported in Ref. [9] , the temperature has a sharp increase at the beginning of the test and tends progressively towards an asymptote if there is no crack. Higher is the stress, higher is the temperature level.
Results and discussion
Thermal results
If no crack appears, the highest temperature is always found close to the cross-section in the middle of the specimen, in correspondence to the highest stress distribution. Fig. 4 shows the temperature evolution along the specimen length (for the different applied stresses). Due to the horn (metallic component which increases the conduction phenomenon), the temperature profile is not symmetric. The top of the specimen (near the horn) is colder than the specimen bottom.
When the specimen is tested at higher stress, the crack takes place. Fig. 5 shows infrared thermal images corresponding to different numbers of cycles.
The intrinsic dissipation fields on the specimen surface are shown in Fig. 5 . The abscissa corresponds to the specimen width ο θ θ exp Fig. 2 . Expermental and predicted results. Fig. 3 . Temperature evolution versus the number of loading cycles for different stress levels. and the ordinate to the specimen length. At the beginning of the test, the intrinsic dissipation is very low ($5°C/s) (Fig. 5a ) to reach 20°C/s (Fig. 5d ) few seconds before the fracture. In Fig. 5d , the intrinsic dissipation appears higher close to the cross-section in the middle of the specimen, in quite good agreement with the stress concentration along the specimen. The dissipation is lower in a portion located around the middle of the specimen, always in agreement with the stress concentration profile in this cross-section. In Fig. 5d , (cross-section in the middle of the specimen), the intrinsic dissipation is the highest on the right side, which corresponds to the fracture initiation site (see fractographic observations). Note that the intrinsic dissipation is the trace of the specific heat sources in the material subjected to fatigue loading.
Fractographic observations
As is previously reported in the megacycle domain for Armco iron, the first occurrence damage is Slips Marks which are identified as Persistent Slips Bands (PSBs) [7, 20] . After removing a thin layer, transgranular microcracks appear just below the PSBs as is shown in Fig. 6a and b .
Sometimes, the first damage occurs in grain boundary. The fracture surface is observed by Scanning Electron Microscope. On the fatigue fracture surface, three areas (Fig. 7a) The stage I corresponds to the initiation stage, and is correlated with the transgranular intrusion/extrusion (Fig. 7b) or intergranular microcracks. When the intrusion/extrusion is transgranular, the grain traces are visible on the fracture surface with ''steps'' oriented in different directions, steps which are due to PSB and intrusion/extrusion formation. When the microcrack is intergranular, the grain traces are also visible, but the grain surface appears more flat. The stage I ? II (Fig. 7c) is the beginning of the propagation. In this stage, some striations are visible perpendicular to the direction of crack propagation besides the steps of stage I. The stage II (Fig. 7d) is the crack propagation stage with visible striations perpendicular to the crack propagation direction.
The observation of the polished surface where the temperature variation is recorded shows PSB occurrence over a distance of about 3 mm (one side) and 3.3 mm (other side) from the fracture surface. Fig. 8 is a picture just below the fracture surface, where the PSB are present in many grains.
Discussion
The polished surface observed by SEM (Fig. 8) 
Conclusions
In this study, the first signs of fatigue crack initiation are studied in the HCF domain on a body centered cubic Armco iron (with 80 ppm of carbon content).The tests are performed on a piezoelectric fatigue machine on plate specimens. During fatigue tests, the temperature recorded on the specimen surface allows us to determine the intrinsic dissipation field.
The main conclusions are:
À The localization of higher intrinsic dissipation occurs in the specimen section where the fracture takes place. À In this section, the dissipation d 1 is maximum on the specimen right side where the fatigue crack initiation takes place. À The total length of both sides of fracture surface where PSBs occur in good agreement with the area length where d 1 takes place. So, the irreversible PSB development induced is correlated to the main energy dissipation sources. 
